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Static electric dipole polarizabilities of lithium clusters madendfn=2-22) atoms have been measured.
The experiment consists of deflecting a collimated cluster beam through a static inhomogeneous electric field.
The strong decrease per atom from Li t@-Lii, shows that electronic delocalization is reached for very small
sizes. Moreover, directly measured polarizabilities are consistent with photoabsorption data. They thus confirm
unambiguously the “missing” optical strength in lithium clustel$1050-29479)50301-4

PACS numbg(s): 36.40.Vz, 32.10.Dk

The static electric dipole polarizabilityy,, is a basic ob- are needed to determine whether the response of a lithium
servable for discussing electronic properties of clusters madeuster to a static electrical field corresponds to the expected
of alkali-metal atoms, since it is very sensitive to the effec-one for a finite metallic sphere or keeps the memory of the
tiveness of the delocalization of valence electrons, as well agbnormally large atomic value.
to the structure and shape. For a review of polarizability ~Furthermore, the dipole resonance of lithium clusters
physics, see Ref1], and for a review of metal clusters, see measured in photoabsorption specf#5] is significantly
Ref. [2]. Despite numerous investigations of alkali-metal redshifted as compared either to the prediction of the Mie
clusters, polarizability measurements are only available fofh€ory[wy=4me?p/(3m), wherep is the density of atoms
sodium clusters and for selected sizes of potassium clustef@ the spherg or to the jellium model, which assumes a
[3], while nothing is known about lithium clusters. However, complete delocalization of valence electrons and neglects the

the static and dynamic response of lithium clusters to electriéinderlying ionic structuréfor reviews, see Ref46,7]). On
fields is, in many respects, the most interesting and puzzlinghe other hand, these approaches predict reasonably well the
In the bulk limit, the static electric polarizability of a per- requencies of the resonances observed for sodium and po-

fectly conducting sphere of radilR is given by ay=R®.  tassium clusters. The lithium shift has been traced to nonlo-
The polarizabilities of lithium and sodium atoms are veryCal effects in the electron-ion interaction that invalidate the
similar (a;=24.4 &, ay,=23.6 A%, while the classical Simple jellium approactig—10. For a metallic sphere, the
values for the corresponding metallic sphereg rgN) are Mie frequency is directly related to the polarizability of the

very different, since the Wigner-Seitz radij at the melting sphere,
temperature are 1.75 A and 2.15 A for Li and Na, respec- )
tively. Considering the atomic polarizability on the one hand, w%ﬂ _€ N _
and the bulk limit value on the other hand, experimental data Mag

@
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| FtIG' L St?nc tqllpolef [t)rt])larlzabtl)llty 2ert ator@\ )thOf "lth”:m Th FIG. 2. Comparison of experimental photoabsorption cross sec-
clusters as a function of the number of atoms n the cluster. The,, (A?) of Lig (solid line) and calculated transitiofdashed ling
dashed line represents the prediction from the classical metalllcrhe experimental data are from Ré]. The experimental curve
sp.kllleret[Efqb(%],Aassummg a radius of B7A , and an electron has been scaled to the theoretical values by a factor ofeXj@eri-
spiffout of ©. ' mental absolute values are hard to obtaffvery calculated transi-

A direct . tal det inati f the electri lari tion has been broadened with a 0.25-eV-width Lorentzian. The Mie
Irect experimental determination of th€ €lectrc polarz- ,s,nance of the corresponding metallic sphere is at 3.3%el

ability is therefore crucial both for understanding the size. arrow.
evolution and for the interpretation of the optical response.

In this Rapid Communication we present a measurement qfq is adjusted so that the arrival time on the detector is
lithium cluster polarizabilities and compare the results withgansitive to the ionization position. The polarizability is pro-

theoretical calculations and experimental photoabsorptiorbortionm to the measured deflection in thalirection: Az

Cross sections. =KF,/(Mv?), whereM is the mass of the cluster amdis

Briefly, the polarizability measurements are made by deye yelocity. The constarit is a geometrical factor that ac-
flecting a well-collimated beam through a static inhomoge- 1y does not need to be precisely known, since it cancels
neous transverse electric field. Lithium clusters are produce long withE) when one takes the ratio of the polarizability

in a supersonic beam. Lithium vap(@.1 bar pressuiels o 3 given cluster and the well-known polarizability of the
coexpanded with argof8 bars pressujahrough an aperture  sqqiym atom. The velocity is determined by means of a co-
of 100 um in diameter. The collinear part of the beam is 5yia| TOF measurement. In this TOF measurement, after be-
extracted by a skimmer and collimated by two 0.4-mm slitS jonized and before being accelerated and mass selected,

The distance between the two slits is 1 m. The beam passefsters fly along a 2-cm-long path free of electric field. The
along the axis between the two cylindrical pole faces of a 1544 igion of the measured polarizabilities is estimated to be

cm-long deflector. A difference of potential of 30 kV can be 4 105t 10%, in which the main source of error is the veloc-

applied between the two pole pieces, which are 1.7 MMy, measurement. The relative precision between clusters
apart. With the electric-field magnitude along thexis de- ity neighboring masses is better. In order to avoid any sys-
noted byE, the force acting on the passing cluster is tematic error, measurements of sodium cluster polarizabil-
dE ities were also carried out. The values we have obtained are
F,=aE—. 2) in close agreement with previous measuremggits
dz Figure 1 shows the absolute static polarizabilijyer
atom for lithium clusters. The values are listed in Table I.
The values measured for the atom and for the di(@ér3 A3
and 32.8 & respAECtively are in ?&greement with the pub-
ished data24.3 A’ [11] and 34.0 A[12,13, respectively.
mass spectrometer. We have checked carefully that no mu&5ne observes a sharp decrease in the polarizability per atom

Egggtoﬂi sgfg; \fgl?g zlsa;e fl(')er dthetrllas_le_:(r)lgowers that tweb_y about a factor of 2 from the monomer to the trimer. For
' 9 pplied in the mass spec rorTI]arger sizesn=4, the polarizability per atom is slowly de-
creasing. Small oscillations are superimposed on the average
trend, especially fon=15, where one observes a marked
odd-even alternation. The classical polarizability, modified

Experiment  n Experiment  n Experiment for the spillout of electrons from the surface of a nanometric

Outgoing clusters are ionized by a low flux lager=308 nm
or A\=266 nm at a distance fol m out of the deflector, and
are subsequently mass selected in a time-of-fligiDF)

TABLE |. Static dipole polarizability per atonfA%) of free
lithium clusters. Experimental errors are in the range of 10%.

" metallic sphere, is given by

2 16.4 9 9.9 16 8.7

3 115 10 10.4 17 10.2 a=(NY3r +6)3, (3)

4 12.1 11 10.8 18 9.6

5 12.7 12 11.8 19 11.2 wherer is the Wigner-Seitz radiul.75 A) and & is the

6 8.9 13 10.6 20 8.9 electronic spillou0.75 A) [4]. The modified classical polar-
7 11.4 14 9.8 21 10.9 izability is also plotted in Fig. 1. The experimental values for
8 10.4 15 9.8 22 9.0 n=4, although globally higher, are relatively close to the

calculated ones. Both the sudden transition from atom to
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trimer and the following slow variation suggest that the elec- TABLE Il. Measured static dipole polarizabilit% of closed-

tronic delocalization already appears for sizes as small as ghell lithium clusters of size (Expt), compared to different theo-
or 5. This is supported by the fact that the plasmon resonand8tical estimatesT).

appears in the same size range in lithium clusfdis We ,
note however that the latter is clearly observed only for sizes " EXPt T(thiswork  T[10] T[4 T[17.1§
larger than 6, while the static response tends to indicate that g 82.4 84.7 78.6 99.2 97

electronic delocalization is achieved at a smaller size. Thispo  178.2 171.1 160.8

guantitative difference is consistent with the fact that the
optical absorption is very sensitive to the details of the elec-

tronic ditribution, and thus the geometry of the cluster, whilephenomenologically byw= w),/ym*/m, wherem* is an

the polarizability is essentially sensitive to average electronieffective electronic mass. The effective mass for bulk lithium
properties. is of orderm* =1.4m [9].

Both the sharp decrease in the polarizability and the ap- The second effect of the nonlocality is a violation of the
pearance of the plasmon resonance are signatures of the ddromas-Reiche-Kuhn sum rule. This time-honored sum rule
localization of valence electrons. However, as mentioned ifgnsures that the total sum of oscillator strength is exactly
the introduction, the dynamic response is strongly redshifte@iven by the number of valence electrons, but the rule only
as compared to the resonance calculated for the metallfgolds when the Hamiltonian is local, which is the case in the
sphere. Figure 2 shows the optical photoabsorption spectruHPrma| jellium _model. Approximating the nonlqcahty yv|Fh a
of Lig clusters, measured some years &g The spectrum constant gffectlve mase*, the dipole sum rule is mquphgd
is dominated by a strong resonance at about 2.5 eV, just as the ratiom/m* such that the effective number of active

. eff~ . . . " . . ”
Nag clusters[14,15, though the density of lithium is larger electrons isN™ =0.7/N in I'th'um. clusters. The “missing
than the density of sodium by about 80%. This immediatel strength is to be found in the high-energy part of the spec-

. . ; Ytrum, i.e., in the energy scale of core-electron excitations. It
rules out a simple interpretation of the observed resonance in

Li- in t f the simple ielli del. which K I s worth noting that already in the lithium atom, the
'g IN t€TMS OF the simple Jetlium mModel, which works we' 2s-np (n=2) transition accounts only for 75% of the oscil-
for sodium clusters. The latter will naturally predict the di-

AT o lator strength, whereas for sodium, the-8p (n=3) transi-
pole resonance in ito lie above that of Naby about 35%,  tjon accounts for almost all of the oscillator strength. The
i.e., around 3.4 e\(indicated by the arrow in Fig.)2Such a

static dipole polarizability is related to the dipole oscillator

strong redshift of the experimental resonance, with respect t8trength distribution, through the second-order perturbation
the jellium model prediction, has also been systematicalltheory expression,

observed in charged lithium clustdrs, 16].

For a thorough understanding of the electronic properties e  f
of lithium clusters, we compare both the static and dynamic ao:—zk—kz, 4)
responses with the prediction of pseudopotential calcula- m "y

tions. The shift in the absorption spectrum is now well un-

derstood, and is due to nonlocal electron-ion interactionswhere m is the electron mass angd, is the transition fre-
Since lithium has onlys core electronss-wave delocalized quency from the ground state to the dipole stateith asso-
electrons cannot scatter deep in the core region due to Pawdiated dipole strengttf,. Let us assume that the optical
repulsion, whereap-wave electrons do not suffer such a strength is concentrated into a single collective resonance.
repulsion. This means that a physically sound pseudopoterccording to Eq.(4), the electric dipole polarizability can
tial for lithium should have al=0 component different then be written as

from thel #0 components. Note that for sodium, which has

s and p core electrons, nonlocal effects are expected to be e2Neff
much weaker. A thorough analysis of nonlocal electron-ion ap= > (5)
potential effects in lithium clusters has been carried out in Mo

Ref.[9], where all the details can be found. Briefly, the dy-

namical polarizability is worked out in the random-phasewhere N®" is the reduced strength and is the calculated
approximation with exact exchand®PAE), applied to the resonance frequenqyuzzwf,l(m/m*)]. One can see that,
valence electrons moving in an external nonlocal potentialwithin the present approximatiorisingle transitionm* con-
The latter is built as a convolution of the ion distribution stant, .. ), the nonlocal effects in E45), acting on both the
with the nonlocal electron-ion pseudopotential. Only clusterscillator strength and the frequency, cancel out. This ex-
with closed shell$8, 20, . ..) are considered here. Nonlocal plains why experimental polarizabilities are in close agree-
effects lead to two dramatic consequences for the distribument with those of the finite metallic sphere. It is also in
tion of dipole oscillator strength. The first is a substantialagreement with the classical limit, where the static polariz-
redshift of the giant dipole resonance. In the case gf the  ability depends only on the metallic volume and not on the
theory actually yields a single optical transition at 2.47 eV,effective mass of the electron.

in perfect agreement with the mean position of the experi- Let us now make a more quantitative comparison between
mental resonanc@4]. The calculated theoretical displace- theoretical predictions and experimental polarizabilitigse
ment may be phenomenologically understood in terms offable I). Using Eq.(4) and the calculated oscillator strength
effective mass. Allowing for nonlocal effects in the electron-distributions of Ref[9], we estimate the theoretical dipole
ion interaction, the Mie frequency,, should be replaced polarizability of Lig to be 84.7 &, in good agreement with
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the experimental value of 82.9%Aand that of Lj, to be To conclude, we provide direct measurements of static
171.1 &, also in fair agreement with the experimental value€lectric dipole polarizabilities of free lithium clusters,
of 178.2 &B. A similar agreement is observed with recently Lin (n:1_2f2)ﬁ usmlg a be_?m deflection fmethod. Thi strong
reported calculations of the static and dynamic polarizabilit)foelgvigzeb; ; v?/e%?(aglzggglg Sﬁgé ?/gzgtigﬁévéglg_tk?ét the
qf lithium clusters, performed W|th|n.the 'framework of th? electronic delocalization is already reached for a size as
time-dependent local-density approximation, and also usin

. ) 9mall asn=4. The measured polarizabilities agree nicely
nonlocal pseudopotentig|$0]. According to the latter work,  ith our theoretical predictions. The agreement for static and

the static dipole polarizabilities of jiand Lig are 78.6 & dynamic response can be reached only when one explicitly
and 160.8 A, respectively. Moreover, in agreement with the treats the nonlocality in the electron-ion pseudopotential in
above discussion, in the calculation of REE0], the local  order to account for the important difference betwsemdp
reduction of the pseudopotential to theomponent strongly scattering, as the ion core has ordyelectrons. Measured
affects the position of the optical resonance, while it does nostatic dipole polarizabilities are thus consistent with mea-
modify the calculated static polarizability. Finally, it is inter- sured dipole resonance frequencies. They provide indirect
esting to remark that thab initio calculations of Refs[4] but strong evidence that a fr_actlon o_f thg d|po_le strength has
and[17] accurately predict the dynamic response f, Lbut been removed from the optical region into higher frequen-

overestimate the static response. Note that we guessed tHifS: Our calculation explains why the effective mass due to
the theoretical value of 33 Areported in Ref[17], had to nonlocality strongly affects the dynamic response but has

be multiplied by a factor of Jthis error was indeed con- little effect on the static response, which is close to the re-

firmed by the authors, who gave us a value of S7[28)). sponse of a finite metallic sphere with fully delocalized elec-

These two calculations do not yield the same equilibriumtrons'

geometry, but one does not expect the static polarizability to The authors wish to thank Walt de Heer for useful discus-
depend strongly on the exact geometry for a roughly spherisions at the beginning of this work, and Jacques Maurelli and
cal system with delocalized electrons. Marc Barbaire for technical support.
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